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We find strong influence of final-state stimulation on the time-resolved light emission dynamics from semiconductor microcavities after pulsed excitation allowing angle-resonant polariton-polariton scattering on the lower-polariton branch. The polariton dynamics can be controlled by injection of final-state polaritons at densities below a polariton saturation density of 5 3 10 8 cm 22 . A bosonic enhancement factor in the dynamics of up to 700 is evaluated. DOI Tailoring of light-matter interactions in semiconductor microcavities (MC) has been intensely studied since the first demonstration of strong coupling between the photon and exciton fields [1] . The new eigenstates, called cavity polaritons (CP), have a strongly modified in-plane dispersion, as a function of in-plane wave vector k jj , with a large Rabi splitting (several meV) expressing the anticrossing between the cavity photon dispersion and the quantum well exciton dispersion [2] . This modifies the coupling to light and consequently light emission processes from the MC. For instance, strong laserlike emission from k jj ϳ 0 polaritons is observed and attributed to bosonic enhancement in the emission process [3] [4] [5] . This relies on the bosonic nature of low-density polaritons leading to a stimulation of the scattering processes when the final k-state population is larger than one.
Recently, time-integrated pump-probe measurements have demonstrated stimulated polariton-polariton scattering (PPS) [6, 7] as well as large parametric gain for a pulse injected at k jj ϳ 0 [8] . These stimulated processes are similar to those giving low-temperature lasing in II-VI compounds, first observed by Hvam [9] , in the so-called "P"-band where stimulated PPS on the bulk polariton dispersion provides the gain. A number of concepts for bulk polariton lasing, such as the population inversion dynamics (see references in [9] ), is analogous to the stimulated PPS in MC. The MC, though, provides photon localization in one dimension giving a nonzero density of states at k jj 0 with a much longer polariton lifetime as a result. This enhances the gain process efficiently and provides very large gain coefficients in a very compact cavity [8] . It is thus interesting to consider this as a playground for new laser types, particularly in MC that may have polaritonic features preserved at room temperature. This possibility is relevant for polariton dampings smaller than a critical damping determined by the oscillator strength and the spatial dispersion coefficient in bulk systems [10] . The critical damping is yet unknown in MC systems, but a first estimate would be to compare to the Rabi splitting like in bulk.
The real-time dynamics of the emission is a key issue to understand the physics behind this prominent light emission process from a MC. A particular issue is how the real-time dynamics of the emission can be controlled by an external pulse using the final-state polariton population. In this Letter, we show strong evidence for final-state stimulation of angle-resonant PPS in time-resolved light emission experiments combining pulse-shaped ps pulses with streak camera time resolution of the MC emission. We observe a fast self-stimulated emission transient from the k jj ϳ 0 final-state distribution, after single-pulse excitation with large k jj around a critical angle. This distribution is reflected in the angular spread of the emission and is correlated with the degree of quantum well disorder. The distribution of final states and thereby their populations are thus expected to be dependent on the inhomogeneous broadening. This is confirmed by transient measurements of the emission from homogeneous (HMC) as well as inhomogeneous (IMC) samples. In contrast to the excitation independent and slower dynamics in the IMC sample, the dynamics in the HMC sample is strongly density dependent with a shift of the emission maximum in time. The dynamics of CP is probed in more detail by seeding the emission at k jj ϳ 0 with a time-delayed pulse. This demonstrates a strong influence from stimulated scattering on the polariton dynamics on a time scale and with broadening dependences that can exclude freely decaying polarization effects as an explanation.
The experiments are made at a temperature of 5 K in a l cavity (bare linewidth of d MC 260 meV) with wedged thickness and a single homogeneously (inhomogeneously) broadened 25 (10) nm GaAs quantum well located at the antinode resulting in ultranarrow polariton linewidths of less than 200 meV [11] [12] [13] . The experimental configuration is shown in Fig. 1 . In this work we concentrate on dynamics in the lower polariton (LP) branch at zero detuning where the polariton is ϳ50% heavy-hole excitonlike and ϳ50% photonlike. The polariton dispersions have previously been published [14] . The bare HMC quantum well has a homogeneous linewidth of d HMC 120 meV , d MC minimizing disorder-related effects [15, 16] , whereas the bare IMC quantum well has
The dramatic change as a function of excitation power in the emission pattern from these MC is evident from the far-field images shown in detuning and with single laser pulse excitation at a critical k jj ͑u͒, corresponding to an angle of u ϳ 12 ± . With low excitation density ͑,10 9 cm 22 ͒, a ring distribution in k space at k jj 1.4 3 10 4 cm 21 is observed due primarily to Rayleigh scattering of the incident light caused by residual inhomogeneous broadening [17] . At a higher excitation density, the emission pattern changes considerably to an intense narrow distribution around k jj ϳ 0. This emission depends strongly on the angle of excitation (within a few degrees) and on the detuning (within a few meV), data not shown. The critical angle corresponds to the k jj that is angle-resonant for PPS on the LP; see Fig. 1 . Energy and wave vector are conserved in the angle-resonant process by scattering of two k jj k jj,res polaritons into 2k jj,res and k jj ϳ 0 states, respectively, the latter resulting in the strong emission. Before describing our time-resolved data, we note that the effect of the seeding on the k jj -space resolved emission is very singular (data not shown). The selfstimulated emission has a full width half maximum in k space corresponding to an external angle of 8 ± (4 ± ) for the IMC (HMC) sample; however, only the emission from those k jj states around k jj ϳ 0 excited by the seeding pulse is enhanced. This observation suggests that the mechanism of the transfer depends strongly on the occupation numbers, i.e., the number of polaritons per k state, of the final k jj states due to the bosonic nature of the polaritons. In the following, we describe how the different occupation numbers in the HMC and IMC samples have pronounced influence on the dynamical response. We note that on average the occupation numbers are lower in the IMC sample simply because of the wider range of angleresonant k states within the inhomogeneously broadened line ͑d IMC ¿ d MC ͒. Figure 2 shows the time-resolved self-stimulated emissions from the two samples following single pulse excitation at k jj,res , which excludes coherent mixing with an externally induced polarization around k jj ϳ 0. The strong emission around k jj ϳ 0 is selected with a pinhole restricting the wave vector to a maximum of k jj,max 3 3 10 3 cm 21 . Three major differences between the two sets of real-time traces as a function of excitation density are seen as follows: (1) higher occupation numbers in the HMC sample (for the same excitation density), enhancing the PPS rate. Our observations (2) and (3) suggest that the average occupation numbers in the IMC sample stay constant for stimulated PPS for increasing density, whereas the occupation number for the HMC sample continues to increase. Although wave mixing between different coherent polarizations in seeding experiments (see below) cannot be excluded, it cannot explain the data presented in Fig. 2 for the following reasons: (1) We inject only a coherent polariton population at the k jj,res states with zero laser-pulse overlap with the k jj ϳ 0 states. (2) The measured linewidth limits the influence of coherent wave mixing to a time scale of less than 10 ps, much shorter than the transients observed in Fig. 2 T 2 1 G, in contrast to what we observe [19] . We therefore conclude that there is a dominant contribution to the polariton dynamics in microcavities from population effects under angleresonant excitation conditions.
To probe the population dynamics further, we compare the self-stimulated emission to the one employing a seeding of the k jj ϳ 0 population with a second laser pulse emission. Note that the residual emission following the excitation with the seeding pulse, with the pump pulse closed, has been subtracted from all the time traces to probe the gain in the emission due to the seeding pulse directly. The effect of the seeding is strongest in the IMC sample where the main emission transient appears before the maximum self-stimulated emission would occur. This shows that the occupation number of the k jj ϳ 0 states, here increased by the seeding pulse, controls the emission dynamics.
To model this data we focus on the results from the HMC sample avoiding the complexity introduced by inhomogeneous broadening. The observed dynamical behavior is well described by simulations with coupled rate equations describing the PPS (fourth term) and polariton scattering with acoustic phonons (third term) as given in Ref. [7] :
whereÑ LP ͑Ñ exc ͒ is the k jj ϳ 0 ͑k jj,res ͒ average polariton population per k state, P LP ͑P pump ͒ is the generation term from the seeding (pump) laser pulse, t LP ͑t exc ͒ is the polariton lifetime at k jj ϳ 0 ͑k jj,res ͒, a LP,k0 ͑b LP,k0 ͒ is the coupling coefficient due to the phonon (polaritonpolariton) scattering and S is the excitation area. The simulation based on Eqs. (1), shown in Fig. 3(b) , perfectly matches the experiment with and without the seeding pulse using the measured lifetimes t LP 7 ps and t exc 100 ps, a LP,k0 ϳ 0 and b LP,k0 2.4 3 10 29 cm 4 s 21 .
The PPS coefficient is comparable to the results of previous simulations [7] . We keep the angle-resonant conditions in this Letter such that the phonon scattering process is negligible compared to the strongly resonant PPS [3] .
The self-stimulation of the PPS is caused by spontaneous buildup of the factor (1 1Ñ LP ) describing the bosonic enhancement of the scattering in Eqs. (1) . From Eqs. (1) we evaluate a value ofÑ LP peaking atÑ LP,max ϳ 700 for the single-pulse data shown in Fig. 3(b) . This value is consistent with a calculation of the polariton mode density given by r R 1 ͑2p͒ D dk. Integrating this over the pin-hole up to k k jj,max in D 2 dimensions gives r 7 3 10 5 cm 22 . The resulting polariton densityÑ LP,max 3 r 5 3 10 8 cm 22 is consistent with the estimate of the density used in the experiment. Although the model for the average population per k state is rather simple, this evaluation demonstrates that, indeed, a high number of several hundred for the bosonic enhancement factor is obtained in this experiment as previously estimated in CW experiments [20] . TheÑ LP factor, controlling the stimulation process, can also be seeded as shown in Fig. 3 . This demonstrates that a seeding pulse controls the emission process from a MC under resonant conditions. It also offers a controlled way of probing the dynamics because of the wellcharacterized polariton population created by the seeding pulse. We define a parametric gain factor G BE as the ratio of the two time-integrated curves in Fig. 3(b) directly describing the gain in the emission due to the seeding pulse. For these data we get a value of G BE up to 3. The consistency of our data is illustrated in Fig. 3(c) , where we have selected the light emission at large k jj close to the excitation but otherwise kept the conditions similar to those in Fig. 3(a) . In this case, we observe a negative G BE as a result of the stimulated removal of polaritons due to the seeding pulse leading to a much smaller polariton population for the subsequent light emission at that k k value. We can therefore consistently probe the effect of the seeding pulse and the stimulated processes not only in the final state but also in the initial state.
The dynamical behavior of the stimulated PPS is discussed in the following from experiments probing the variation of the G BE with excitation densities summarized in Fig. 4 . The excitation density dependence of the G BE is predicted from Eqs. (1) to be near linear (quadratic) in the injected polariton populations n LP S ͑n exc S͒, which is consistent with our observations shown in Fig. 4 . The deviations from these dependencies at higher excitation densities correspond to a breakdown of the bosonic condition for the polariton stimulation. The excitonic saturation density in a quantum well n exc 4 3 10 10 cm 22 matches the turnover of the self-stimulated emission [21] . The lower saturation density ϳ5 3 10 8 cm 22 for the n LP data is almost 2 orders of magnitude smaller providing a direct measure of the k jj ϳ 0 polariton density for saturation of the bosonic enhancement. This density is much lower than the calculated densities .10 10 cm 22 for which the Bose commutator is less than 1 [5] . From this we can conclude that our measurements are performed in the low-density regime where the bosonic character of the polaritons is preserved.
From the data in Fig. 4 we notice that the G BE is much larger for the IMC sample compared to the HMC sample for optimized conditions. The largest G BE found for the HMC sample was close to 10, while the IMC sample showed an enhancement as large as 40. This has previously been attributed to relaxation involving localized states in IMC samples that is absent in our HMC sample [22] .
In conclusion, we found a significant influence on emission dynamics in homogeneously broadened microcavities from controlling the average occupation numbers of finite-mass polariton states involved in stimulation processes on the LP. These bosonic enhancement effects have demonstrated a richness of light-matter interactions in MC that gives new possibilities for fundamental studies in physics and applications to new optical devices.
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